In models with a non-minimal Higgs sector, a decoupling limit can be defined. In this limit, the masses of all the physical Higgs states are large (compared to the scale of electroweak symmetry breaking) except for one neutral CP-even Higgs scalar, whose properties are indistinguishable from the Higgs boson of the minimal Standard Model. The decoupling limit of the most general CP-conserving two-Higgs doublet model is formulated. Detection of evidence for a non-minimal Higgs sector at future colliders in the decoupling limit may present a formidable challenge for future Higgs searches.
Introduction
With the recent "discovery" of the top quark, the only missing piece of the Standard Model is the Higgs boson. The Standard Model posits the existence of one complex weak doublet (with hypercharge Y = 1) of elementary scalar (Higgs) fields. The dynamics of these fields is assumed to trigger electroweak symmetry breaking. Three Goldstone bosons are absorbed by the W ± and Z leaving one CP-even neutral Higgs scalar to be discovered.
Despite the enormous success of the Standard Model, the existing data sheds little light on the spectrum and dynamics of the electroweak symmetry breaking sector. The scalar spectrum could be minimal (as in the Standard Model) or nonminimal, with a rich spectrum of scalar states (including perhaps bound states of higher spin). The dynamics could involve either weakly interacting or strongly interacting forces. Many examples displaying each of the above features have been studied in the literature; comprehensive reviews can be found is refs. 1 and 2. In this paper, I will assume that electroweak symmetry breaking is a result of the dynamics of a weakly-coupled Higgs sector. Such a theory may be technically natural if embedded in a theory of low-energy supersymmetry. However, the results obtained in this work do not necessarily require the existence of low-energy supersymmetry.
In this paper, I shall pose the following questions. Assume that a scalar state (i.e., a candidate for the Higgs boson) is discovered in a future collider experiment. What are the expectations for its properties? Will it resemble the Higgs boson of the minimal Standard Model or will it possess some distinguishing trait? If the properties of this scalar state are difficult to distinguish from the Standard Model Higgs boson, what are the requirements of future collider experiments for detecting the existence (or non-existence) of a non-minimal Higgs sector? Some of these questions have also been addressed by other authors; see e.g., refs. 3 and 4.
These questions would be moot if the experiment that first discovers the lightest Higgs scalar also discovers a second scalar state. For example, in a theory with a light CP-even scalar (h 0 ) and a light CP-odd scalar (A 0 ), both states would be produced in e + e − collisions via s-channel Z-exchange (e + e − → Z → h 0 A 0 ) if kinematically allowed. The simultaneous discovery of h 0 and A 0 would clearly indicate the existence of a non-minimal Higgs sector. In this paper, I shall not consider such a scenario. As we shall see, the case where only one light scalar state is initially discovered may present a formidable challenge to unraveling the underlying structure of the electroweak symmetry breaking sector.
For simplicity, I focus in this paper on the (CP-conserving) two-Higgs doublet model. In this model, the physical scalar states consist of a charged Higgs pair (H ± ), two CP-even scalars (h 0 and H 0 , with m h 0 ≤ m H 0 ) and one CP-odd scalar (A 0 ). The ultimate conclusions of this paper will survive in models with more complicated scalar sectors. Following the discussion above, the working hypothesis of this paper is that h 0 , assumed to be the lightest scalar state, will be the first Higgs boson to be discovered. Moreover, the mass gap between h 0 and the heavier scalars is assumed to be sufficiently large so that the initial experiments which can detect h 0 will not have sufficient energy and luminosity to initially discover any of the heavier scalar states.
How will h 0 be discovered and where? Present LEP bounds 5 imply that m h 0 > ∼ 60 GeV. This bound will be improved by LEP-II, 6 which will be sensitive to Higgs masses up to roughly √ s − m Z − 10 GeV. The LEP search is based on e + e − → Z → Zh 0 where one of the two Z's is on-shell and the other is off-shell. At hadron colliders, an upgraded Tevatron with an integrated luminosity of 10 fb −1 can begin to explore the intermediate-mass Higgs regime 7 (80 < ∼ m h 0 < ∼ 130 GeV). The Higgs search at the LHC will significantly extend the Higgs search to higher masses 8 (although the intermediate mass regime still presents some significant difficulties for the LHC detector collaborations). The dominant mechanism for Higgs production at hadron colliders is via gg-fusion through a top-quark loop. If m h 0 > 2m Z , the "gold-plated" detection mode is h 0 → ZZ; each Z subsequently decays leptonically,
where Z * is off-shell, provides a viable signature). Other decay modes are required in the case of the intermediate mass Higgs (for recent reviews, see ref. 9). At a future e + e − linear collider (NLC), the Higgs mass reach of LEP-II will be extended. 10 In addition, with increasing √ s,
Higgs boson production via W + W − fusion begins to be the dominant production process. Finally, one novel possibility is to run the NLC in a γγ-collider mode. In this mode, Higgs production via γγ-fusion (which is typically dominated by a ℘W − and/or a tt loop) may be detectable, depending on the particular Higgs final state decay. 11, 12 Note that almost all of the Higgs search techniques outlined above involve the h 0 ZZ (and in some cases the h 0 ℘W − ) vertex. In a few cases, it is the h 0 tt vertex (and possibly the h 0 bb vertex) that plays the key role. These observations are relevant for the phenomenological considerations of this paper. In section 2, I review the Higgs sector of the minimal supersymmetric extension of the Standard Model (MSSM). In this context, I discuss why one might expect that h 0 is the lightest scalar whose properties are nearly identical to that of the Standard Model Higgs boson. In section 3, I place the results of section 2 in a more general context. I define the "decoupling limit" of the general two-Higgs doublet model; in this limit, h 0 is indistinguishable from the Standard Model Higgs boson. In section 4, I discuss the phenomenological challenges of the decoupling limit for the Higgs search at future colliders. After briefly mentioning the prospects for non-minimal Higgs detection at the LHC, I consider in more detail the prospects for the discovery of the non-minimal Higgs sector at the NLC. Conclusions are presented in section 5.
The Higgs Sector of the MSSM-A Brief Review
In this section, I provide a very brief review of the Higgs sector of the minimal supersymmetric extension of the Standard Model (MSSM). 13 let us consider the MSSM Higgs potential at tree-level which depends on two complex doublet scalar fields H 1 and H 2 of hypercharge −1 and +1, respectively : 
The neutral CP-even Higgs bosons, H 0 and h 0 , are obtained by diagonalizing a 2×2 mass matrix. The eigenstates are
which defines the CP-even Higgs mixing angle α. The corresponding CP-even Higgs mass eigenvalues are
where by definition, m h 0 ≤ m H 0 . Explicit formulae for α can also be derived. Here, I shall note one particularly useful relation
Consider the limit where m A 0 ≫ m Z . Then, from the above formulae,
Two consequences are immediately apparent. First,
. It is known that one-loop radiative corrections have a significant impact on the MSSM Higgs sector. 14 Nevertheless, the conclusions just stated are not modified. For example, in the limit where m A 0 ≫ m Z and m Z ≪ m t ≪ Mt, the one-loop radiatively corrected Higgs squared masses are 15
(2.8) The formula for m 2 h 0 exhibits the importance of the one-loop radiative corrections. The tree-level upper bound, m h 0 ≤ m Z is significantly modified by terms that are enhanced for large values of m t and Mt. Nevertheless, the numerical value of the radiative corrections to the squared masses is never greater than O(m 2 Z ). Thus, in the limit of m A 0 ≫ m Z , one again finds that 
Note in particular that all vertices in the theory that contain at least one vector boson and exactly one heavy Higgs boson state (H 0 , A 0 or H ± ) is proportional to cos(β − α). This can be understood as a consequence of unitarity sum rules which must be satisfied by the tree-level amplitudes of the theory. 16 In models with non-minimal Higgs sectors, the Higgs couplings to quarks and leptons are model-dependent. Typically, one imposes constraints on the Higgsfermion interaction in order to avoid Higgs mediated tree-level flavor changing neutral currents. For example, in the MSSM, one Higgs doublet couples exclusively to down-type fermions and the second Higgs doublet couples exclusively to up-type fermions. In this model, the couplings of the neutral CP-even Higgs bosons to ff relative to the Standard Model value are given by (using 3rd family notation)
In contrast to the Higgs couplings to vector bosons, none of the couplings in eq. (2.9) vanish when cos(β − α) = 0. This is a model-independent feature of the Higgs couplings to fermions. One finds a similar behavior for the Higgs self-couplings. Namely, the various Higgs self-couplings are model-dependent since they depend on the form of the scalar potential. Nevertheless, one can show that the Higgs self-couplings do not vanish when cos(β − α) = 0. The significance of cos(β − α) = 0 is now evident: in this limit, couplings of h 0 to gauge boson pairs and fermion pairs are identical to the couplings of the Higgs boson in the minimal Standard Model.
⋆ More precisely, in the limit of m A 0 ≫ m Z , the effects of the heavy Higgs states (H ± , H 0 and A 0 ) decouple, and the low-energy effective scalar sector is indistinguishable from that of the minimal Standard Model. In the MSSM, the decoupling regime (m A 0 ≫ m Z ) sets in rather quickly once m A 0 is taken above m Z . Although m A 0 is a free parameter of the MSSM, its origin is intimately connected to the scale of supersymmetry breaking. From eq. (2.2), we see that m 2 A 0 is proportional to the soft-supersymmetry breaking parameter m 2 12 . Generically, one would expect that m A 0 is of the same order as a typical softsupersymmetry-breaking mass parameter. In supergravity based models, m 2 12 ≡ Bµ, where B is a soft-supersymmetry-breaking parameter. Models of this type with universal soft-supersymmetry-breaking scalar masses at the Planck scale tend to yield values of m A 0 that typically lie above m Z . 17 In such approaches, one would expect the couplings of h 0 to be nearly identical to those of the Standard Model Higgs boson.
Decoupling Properties of the Two-Higgs Doublet Model 18
The decoupling properties of the MSSM Higgs sector are not special to supersymmetry. Rather, they are a generic feature of non-minimal Higgs sectors. 19 In this section, I demonstrate this assertion in the case of the most general CPconserving two-Higgs doublet model. Let Φ 1 and Φ 2 denote two complex Y = 1, SU(2) L doublet scalar fields.
† The most general gauge invariant scalar potential is ⋆ and H 2 = Φ 2 . ‡ In most discussions of two-Higgs-doublet models, the terms proportional to λ 6 and λ 7 are absent at tree-level. This can be achieved by imposing a discrete symmetry Φ 1 → −Φ 1 on the model. Such a symmetry would also require m 12 = 0 unless we allow a soft violation of this discrete symmetry by dimension-two terms. This latter requirement is sufficient to guarantee the absence of Higgs-mediated tree-level flavor changing neutral currents.
eq. (3.1) to be real. The scalar fields will develop non-zero vacuum expectation values if the mass matrix m 2 ij has at least one negative eigenvalue. Imposing CP invariance and U(1) EM gauge symmetry, the minimum of the potential is
where the v i can be chosen to be real and positive. It is convenient to introduce the following notation:
3)
The mass parameters m 2 11 and m 2 22 can be eliminated by minimizing the scalar potential. The resulting squared masses for the CP-odd and charged Higgs states are
where s β ≡ sin β and c β ≡ cos β. The two CP-even Higgs states mix according to the following squared mass matrix:
where
It is convenient to define four squared mass combinations: In terms of these quantities,
and cos
Suppose that all the Higgs self-coupling constants λ i are held fixed such that
, and it follows that:
Comparing these results with those of eq. (2.7), one sees that the MSSM results are simply a special case of the more general two-Higgs doublet model results just obtained. The limit m 2 A 0 ≫ λ i v 2 (subject to λ i < ∼ 1) will be called the decoupling limit of the model. From eq. (3.4), it follows that m 2 12 ≫ λ i v 2 (assuming that neither t β nor t Eq. (3.12) implies that in the decoupling limit, cos(β − α) = O(m 2 Z /m 2 A 0 ), which means that the h 0 couplings to Standard Model particles match precisely those of the Standard Model Higgs boson. However, in the following, I shall not impose the decoupling limit. Rather, I shall only require eq. (3.13), which reflects my basic assumption that one scalar state, h 0 , is lighter than the other Higgs bosons. Eq. (3.13) is satisfied in one of two cases: In case (i), one finds that 14) and m 2 H 0 ∼ O(m 2 S ). In the same approximation,
The behavior of cos(β − α) depends crucially on how close m 2 
Note that in this model, the heavy Higgs states are not approximately degenerate (as required in the decoupling limit).
Phenomenological Challenges of the Decoupling Limit
We have seen that in the decoupling limit, the couplings of h 0 to Standard Model gauge bosons and fermions approach those of the Standard Model Higgs boson. Suppose that a future experiment has already discovered and studied the properties of h 0 . What are the requirements of experiments at future colliders for proving the existence or non-existence of a non-minimal Higgs sector? To be specific, let us assume in this section that h 0 has been discovered with couplings approximating those of the Standard Model Higgs boson and m A 0 > 250 GeV.
At the LHC, the rate for gg → A 0 , H 0 and gb → H − t provides a substantial number of produced Higgs bosons per year (assuming that the heavy Higgs masses are not too large). 21 Unfortunately, there may not be a viable final state signature. For example, since cos 2 (β −α) ≪ 1, the branching ratio of H 0 → ZZ is significantly suppressed, so that the gold-plated Standard Model Higgs signature is simply absent. At present, there is no known proven technique for detecting A 0 , H 0 and H ± signals at the LHC in the decoupling regime of parameter space. An attempt to isolate a Higgs signal in tt final states has been discussed in ref. 20 . Another method consists of a search for Higgs signals in tttt, ttbb, and bbbb final states. 22 These can arise from gg → QQ ′ (H 0 , A 0 or H ± ), where Q is a heavy quark (b or t), and the Higgs boson subsequently decays into a heavy quark pair. As noted below eq. (2.9), even in the decoupling limit, the couplings of H 0 , A 0 and H ± to heavy quark pairs are not suppressed. Whether such signals can be extracted from the substantial QCD backgrounds (very efficient b-tagging is one of the many requirements for such a search) remains to be seen.
Let us now turn to e + e − colliders. First, consider the process e + e − → h 0 A 0 (via s-channel Z-exchange). Since the Zh 0 A 0 coupling is proportional to cos(β −α), the production rate is suppressed in the decoupling regime. For example, in the MSSM, if m A 0 > m h 0 , then LEP-II will not possess sufficient energy and/or luminosity to directly produce the A 0 . 23 Of course, with sufficient energy, one can directly pair-produce the heavy Higgs states via e + e − → H + H − and e + e − → H 0 A 0 without a rate suppression. At the NLC, with √ s = 500 GeV and 10 fb −1 of data, it has been shown 23, 24 that no direct signals for A 0 , H 0 , and H ± can be seen if m A 0 > ∼ 230 GeV. Although this result was obtained in the MSSM, it also applies to the decoupling regime of more general Higgs sectors. These results seems to imply the following rather general conclusion: evidence for the non-minimal Higgs sector at the NLC requires a machine with energy √ s > 2m A 0 , sufficient to pair-produce heavy Higgs states. Can this conclusion be avoided? There are two possible methods. 1. Produce one heavy Higgs state in association with light states.
⋆ .
2. Make precision measurements of h 0 couplings to Standard Model particles in order to detect a deviation from the Standard Model expectations. First, consider production mechanisms which result in a singly produced heavy Higgs state. It was noted in section 2 that whenever a single heavy Higgs state ⋆ In this context, light states refer to all Standard Model fermions and bosons, with masses of order m Z or less. Thus, the gauge bosons, h 0 , and even the top-quark will be considered among the light states! couples directly to a gauge boson plus other particles, the coupling is suppressed by cos(β − α). To avoid this suppression, one must couple the heavy Higgs state to either fermions or scalars. For example, consider e + e − → QQ ′ (H 0 , A 0 , or H ± ), where Q = b or t. The production rates have been computed by Djouadi et al. 25 Unfortunately, the three-body phase space greatly suppresses the rate once the heavy Higgs state is more massive than the Z. In particular, for m A 0 > √ s/2, these processes do not provide viable signatures for the heavy Higgs states. A similar conclusion is obtained when the heavy Higgs state couples to light scalars. Scott Thomas and I have computed the rate for e + e − → h 0 H 0 Z. We assumed that the dominant contribution arises in the s-channel Z-exchange, where the virtual Z * decays via Z * → Zh 0 * → Zh 0 H 0 . In the limit where
where the H 0 h 0 h 0 coupling in the decoupling limit [i.e., when cos(β − α) = 0] is given by These results imply that a precision measurement of h 0 → bb has the potential for detecting the existence of the non-minimal Higgs sector even if the heavier Higgs states cannot be directly detected at the NLC. Of course, one will have to push the precision of this measurement beyond its present expectations, since a 2-σ deviation is not compelling evidence for new physics. Other Higgs decay channels are not competitive.
There is one novel approach which could extend the discovery limits for heavy Higgs bosons at the NLC. A high energy, high luminosity photon beam can be produced by the Compton backscatter of an intense laser beam off a beam of electrons. 28 This provides a mechanism for turning the NLC into a high energy, high luminosity γγ collider. All neutral Higgs states couple to γγ at one-loop via loops of charged matter. 29 Since the couplings of the heavy Higgs states to fermions and scalars are not suppressed in the decoupling limit, the γγ couplings of the heavy Higgs states are also not suppressed relative to the h 0 γγ coupling. Thus, one can search for the non-minimal Higgs sector at the γγ collider by either measuring the h 0 γγ coupling with sufficient precision or by directly producing A 0 and/or H 0 in γγ fusion. In the decoupling regime, the h 0 γγ coupling approaches the corresponding coupling of the Standard Model Higgs boson.
† As a result, this is not a viable method for detecting deviations from the Standard Model. Thus, one must focus on γγ → (A 0 , H 0 ). In ref.
11, Gunion and I showed that parameter regimes exist where one could extend the heavy Higgs mass reach above √ s/2. For example, at a 500 GeV γγ collider, a statistically significant A 0 signal in bb and Zh 0 final states could be seen above backgrounds if m A 0 < 2m t .
Conclusions
In the most general CP-conserving two Higgs doublet model, a decoupling limit can be defined in which the lightest Higgs state is a CP-even neutral Higgs scalar, whose properties approach those of the Standard Model Higgs boson. This result is more general, and applies to non-minimal Higgs sectors that contain the Standard Model Higgs doublet and respect standard phenomenological constraints (such as m W = m Z cos θ W at tree-level). In the MSSM, the decoupling limit corresponds to m A 0 ≫ m Z (independent of tan β). Moreover, the approach to decoupling is rapid once m A 0 is larger than m Z . Thus, over a very large range of MSSM parameter space, the couplings of h 0 to gauge bosons, quarks and leptons are nearly identical to the couplings of the Standard Model Higgs boson.
If the h 0 is discovered with properties approximating those of the Standard Model Higgs boson, then the discovery of the non-minimal Higgs sector will be difficult. At the LHC, A 0 , H 0 and H ± production rates via gluon-gluon fusion are not suppressed. However, isolating signals of the heavy Higgs states above background presents a formidable challenge. At the NLC, if √ s > 2m A 0 , then pair production of H + H − and H 0 A 0 is easily detected. However, below pair-production † The contributions of supersymmetric loops to the h 0 γγ amplitude vanish in the limit of large supersymmetric particle masses.
threshold, detection of the non-minimal Higgs sector is problematical. For example, the cross sections for single heavy Higgs boson production (in association with light particles) are too small to be observed. However, experiments at the γγ collider may extend the NLC discovery limits of the heavy Higgs states (via γγ fusion to H 0 or A 0 ). Precision measurements of h 0 → bb could provide additional evidence for a non-minimal Higgs sector. However, current experimental expectations at the NLC predict only a 2-σ deviation from Standard Model expectations if m A 0 is just beyond the kinematic limit of direct NLC detection.
If h 0 is discovered with distinguishable properties relative to Standard Model predictions, then there are three possibilities. The simplest possibility is that other scalar states of the non-minimal Higgs sector lie close in mass to h 0 and will be discovered via direct production soon after the discovery of h 0 . If the other Higgs states are not discovered (and if appropriately strong mass limits are obtained), then two alternative scenarios emerge. If the Higgs parameters lie in the nondecoupling regime (i.e., there exists at least one or more large Higgs self-couplings), then the Higgs sector is probably strongly coupled, which suggests the existence of a rich electroweak symmetry breaking sector at an energy scale near 1 TeV. On the other hand, if the Higgs sector is weakly coupled, then there must exist new non-Standard Model decay channels accessible in h 0 decay. For example, in Majoron models, h 0 → JJ (where J is the Majoron) provides an invisible decay mode for h 0 , 30 which would cause deviations from Standard Model expectations for h 0 branching ratios to gauge bosons, quarks and leptons. A similar possibility exists in some supersymmetric models where the decay h 0 → χ 0 1 χ 0 1 (where χ 0 1 is the lightest neutralino) can be significant, 31 leading again to deviations in the h 0 branching ratios to Standard Model final states.
Once the first evidence for the Higgs boson is established, it will be crucial to ascertain the underlying dynamics of the electroweak symmetry breaking sector. If the data reveals that the Higgs sector is non-minimal, then we will have an important clue to the structure of the electroweak symmetry breaking sector. However, one must be prepared for the more pessimistic scenario-the discovery of a Higgs boson whose properties are not experimentally distinguishable from the Higgs boson of the minimal Standard Model. This scenario presents a formidable challenge for future collider experiments in their attempt to probe the physics of the electroweak symmetry breaking sector and the nature of TeV-scale physics beyond the Standard Model.
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